Purpose: Recurrence of cancer is not routinely registered in the national registers in Denmark. The aim of this study was to develop and validate a register-based algorithm to identify patients diagnosed with recurrence of invasive bladder cancer (BC).
Introduction
The number of cancer survivors is rising. This development is due to an aging population and improved diagnostics and treatments. 1, 2 In 2012, the age-standardized incidence rate of bladder cancer (BC) in Denmark was 35.2 per 100,000 for males and 10.7 per 100,000 for females (European standard). 3 In 2017, the annual incidence of BC in Denmark was 2,155; 1,048 (49%) of these were diagnosed with invasive tumor stage > Ta. 4 BC recurrence rates in the range of 20-60% have been reported; these depend on age, comorbidity, and cancer stage. 5, 6 Insight into the patient pathway in the period before cancer recurrence is essential when caring for BC survivors. [7] [8] [9] Nevertheless, the research in this field is sparse. It has proved challenging to identify patients with cancer recurrence from health registers as cancer recurrence is not routinely registered in most patient registries. No studies have reported results on the identification of BC recurrence, but some studies have reported on identification of recurrence of other types of cancer. [10] [11] [12] [13] [14] [15] [16] [17] These studies were based on Medicare claims or other administrative data, and primary indicators of recurrence were new cancer treatment and malignant diagnosis. Gold standards included manual chart abstractions, 12, 13, 16 clinical trial data, 11 and other administrative data. 14, 15, 17 Several limitations have been raised regarding these studies, such as moderate performance, infrequent recurrences, and small sample sizes originating from single institutions and academic centers, where the coding was thought to be more complete and accurate. 9 Moreover, unqualified validation inferred a risk of selection bias. 10, 15 A recent Danish study validated an algorithm to identify patients with recurrence of colorectal cancer in the Danish national health registers, and this algorithm displayed high sensitivity (SEN) and specificity (SPE). 18 Danish health registers may thus provide complete and valid data to identify patients diagnosed with cancer recurrence. Yet, similar studies are warranted for other cancer types.
This study aimed to develop and validate a register-based algorithm to identify patients diagnosed with recurrence of BC in a population of curatively treated invasive BC patients in Denmark. Furthermore, the study aimed to analyze the accuracy of the date of the cancer recurrence diagnosis as derived from the algorithm.
Materials and methods
This study was conducted as a cohort study based on the data from Danish national health registers. Data were linked at a personal level through the unique personal registration number (Danish civil registration number, CPR), which is assigned to all Danish citizens at birth or immigration. 19 
data sources
The following five Danish national registers were used to extract data: 1) the Danish Civil Registration System (CRS) holds information on vital status and migration, and the CRS is updated daily. 19 2) The Danish Bladder Cancer Database (DaBlaCa-data) holds information on all patients diagnosed with invasive BC in Denmark since 2012. 20 When a patient recorded in the database dies, hospital charts, pathology results, and radiology descriptions are manually reviewed to determine whether the patient had BC recurrence at any time.
3) The Danish Cancer Register (CAR) holds data on the date of diagnosis and tumor stage for all incident cancer diagnoses in Denmark since 1943. 21 Diagnoses and diagnosis dates in the DaBlaCa-data and the CAR are defined by algorithms based on diagnosis codes and dates from the Danish National Patient Register (DNPR) and relevant pathology test results in the Danish National Pathology Register (NPR). The tumor stage variable in the CAR is automatically imported from the DNPR. 4) The DNPR holds information on all information on all somatic inhospital contacts since 1977 and all emergency department and outpatient specialty contacts since 1995. 22 The DNPR includes data on tumor stage, procedures performed, and diagnosis codes for all cancer-related contacts. 5) The Danish NPR holds information on all pathology specimens analyzed in Denmark since 1997. 23 The NPR uses Systematized Nomenclature of Medicine (SNOMED) classification, 24 which allows for the identification of malignant morphology (codes: M8 and M9). The fifth digit of the morphology code denotes the specimen, eg, malignant, direct spread to surrounding tissue -4, malignant, metastasis -6, or malignant, recurrent -7.
Time of data extraction and end of follow-up was in October 2016.
Study population
The study base was patients registered with a BC diagnosis according to the International Classification of Diseases, 10th revision (ICD-10) (code: C67*) in the DaBlaCa-data during 2012-2014 with tumor stage >Ta and curatively intended radical treatment. We included patients deceased by the time of data extraction in October 2016, as we only had information on recurrence status on the deceased. Patients were eligible if registered in the DNPR with a cystectomy procedure code or more than 15 fractions of radiotherapy. Patients were excluded if registered in the CAR with a previous cancer (except for nonmelanoma skin cancer) or registered in the CAR or the DNPR with distant metastasis within 90 days of cystectomy or the first day of radiotherapy (ICD-10 codes: C78, C79, CxxxM, or distant tumor stage based on the TNM classification). 25 Furthermore, patients were excluded if tumor stage data were missing, except for patients who received cystectomy as primary cancer treatment. Cystectomy is generally performed with curative intent, ie, in patients with no distant metastases. Finally, patients below the age of 18 years and patients who emigrated or died within 90 days of the first day of cancer treatment were excluded.
gold standard
Status and date of recurrence diagnosis as recorded in the DaBlaCa-data were considered the gold standards of cancer recurrence.
Algorithm
A patient's date of the end of treatment was defined as the date of cystectomy or the date of the last fraction of radiotherapy ( Figure 1) . To ensure that patients were in remission, no 
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A register-based algorithm to identify recurrence of bladder cancer ongoing disease was allowed during the 90 days after cystectomy and the 180 days after radiotherapy (the disease-free period). Indicators of ongoing disease were: 1) a SNOMED registration with M8-M9 morphology, 2) a radiotherapy or chemotherapy procedure code with malignant indication (ICD-10: C00-C96 and D37-D48), 3) a cystectomy procedure code, 4) a distant tumor stage based on the TNM registration, or 5) a malignant diagnosis code (ICD-10: C00-C96 and D37-D48). Exemptions were diagnosis codes of BC and nonmelanoma skin cancer. We allowed for malignant pathology in the prostate and diagnosis codes of prostate cancer; this approach was taken because many male patients with BC are diagnosed with prostate cancer synchronously with BC with no influence on the BC treatment or the patient prognosis. 26 After the disease-free period, the cancer recurrence surveillance period commenced. Indicators of cancer recurrence in the algorithm were identified through diagnostic and procedural codes in the DNPR and test results from the NPR. To achieve the best performing algorithm, different versions with varying numbers of indicators were tested. The best performing algorithm was as follows: a patient was considered to have a diagnosis of cancer recurrence if one of the following indicators was present: 1) registration in the DNPR of an ICD-10 diagnosis code of BC recurrence (C679X) or local recurrence from cancer in the urinary system (C689X), 2) registration in the DNPR of an ICD-10 diagnosis code of a distant metastasis (C76-C79 and CxxxM), 3) registration in the DNPR of radiotherapy or chemotherapy procedures with a diagnosis code of BC (C67*), metastases (C76-C79 and CxxxM), or cancer recurrence (C679X/C689X), 4) registration in the NPR of SNOMED morphology codes M8 or M9 with 4, 6, or 7 in the fifth digit and a morphology similar to a morphology code registered in the NPR within 90 days of the primary BC diagnosis or the first day of primary BC treatment, or 5) registration in the NPR of SNOMED codes M8 or M9 with 7 in the fifth digit, regardless of the type of histology.
If a second primary cancer diagnosis was present in the CAR or the DNPR before or within 30 days of a metastasis diagnosis code, such metastasis diagnosis code was disregarded as it could be related to the second primary cancer. If more than one indicator of cancer recurrence was present in the same patient, the first date of an indicator of recurrence was listed as the date of cancer recurrence. Results from this algorithm are presented in the "Results" section.
Statistical analyses
The concordant and discordant frequencies between recurrences identified by the algorithm and by the gold standard were listed to compute the SEN, SPE, positive predictive value (PPV), and negative predictive value (NPV) with 95% CI. Cohen's k coefficient test for agreement was calculated.
The strength of the agreement between the date of recurrence identified by the algorithm and the gold standard was measured by Lin's 27 concordance correlation coefficient (CCC). In line with the literature, the agreement was considered "poor" for the CCC of <0.90, "moderate" for the CCC of 0.90-0.95, "substantial" for the CCC >0.95, and almost perfect for the CCC of >0.99.
28
All analyses were performed for the total population and stratified by primary cancer treatment regime, cystectomy, and radiotherapy. Data were analyzed using the statistical software Stata 15.0 (StataCorp LP, College Station, TX, USA).
Results
At the time of data extraction in October 2016, 286 patients fulfilled the inclusion criteria ( Figure 2) . We excluded 57 patients registered with a new cancer event before the first date of the cancer recurrence surveillance period. Further- more, 42 patients who died or were registered with cancerrelated treatment in the same period were excluded. This left 187 patients in the final study population; 128 (68%) of these were registered with cancer recurrence in the DaBlaCadata. The characteristics of the study population stratified on cancer recurrence status in the DaBlaCa-data are presented in Table 1 .
The algorithm identified 109 of the 128 patients registered with a diagnosis of recurrence according to the gold standard and additionally six false-positive (FP) diagnoses (Table 2 ). 
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The algorithm yielded an SEN of 85% (95% CI: 78-91), an SPE of 90% (95% CI: 79-96), a PPV of 95% (95% CI: 89-98), and an NPV of 74% (95% CI: 62-83) ( Table 3) . The algorithm demonstrated superior performance in the cystectomy population (results are not displayed due to data protection in the case of less than five observations). The performance varied across the individual indicators of recurrence. The pathology indicators were superior and reached an SEN of 48% and a PPV of 98% and in patients treated with cystectomy, an SEN of 57% and a PPV of 100%.
Seven of the patients registered with recurrence in DaBlaCa-data had no record of the recurrence date. This left 102 patients for the analysis of concordance between recurrence date in the DaBlaCa-data and recurrence date generated by the algorithm. The CCC was 0.96 (95% CI: 0.95-0.98), which indicates substantial concordance ( Figure  S1 and Table S1 ). The recurrence date was estimated within 30 days of the gold standard date in 64% of cases and within 90 days in 90% of cases.
Discussion

Main findings
We developed and validated a register-based algorithm to identify patients with recurrence of invasive BC in Denmark. To the best of our knowledge, this is the first study to develop a method to identify patients with recurrence of BC. The algorithm demonstrated an SEN of 85% and a PPV of 95%. The algorithm performance was substantially superior in patients undergoing cystectomy compared to patients undergoing radiotherapy as primary cancer treatment. The analyses indicated substantial agreement between recurrence dates; the estimated date was set within 90 days of the gold standard date for 90% of patients.
Strengths and limitations
This study has several important strengths. First, the algorithm is based on Danish national registers with complete high-quality records, which ensure high data validity. 19, [21] [22] [23] Second, the tax-funded public health care system in Denmark provides free and equal access for all citizens. Both the high validity and the free access to health care reduce the risk of selection bias.
Another strength is that the gold standard originated from a population-based database. This ensures higher generalizability to the entire population of BC patients compared to using a gold standard population identified from a randomized controlled trial, which may induce the risk of a restricted (younger and healthier) population with more uniform pathways compared to the background population. 29 The use of malignant pathology test results and a specific diagnosis code of BC recurrence improved the performance of the algorithm, and these two indicators reached a PPV of 100% in patients treated with cystectomy as primary cancer 
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Rasmussen et al treatment. Using SNOMED (pathology) codes as an indicator of recurrence is known to increase the performance in similar algorithms. 18 In addition, we found that the most accurate indicator to estimate the recurrence date was pathology results.
The primary limitation of the study is the risk of misclassification of recurrence and recurrence dates, which could result from missing or incorrect registrations.
Missing data are of less concern, as patients with recurrence of BC are likely to be in contact with a hospital. Cystectomy is a major surgical procedure with high risk of postoperative complications and death among older and comorbid patients. 5, 29, 30 Patients initially treated with radiotherapy are suspected to be older, to have more comorbidity, and to be more fragile at initial treatment. At the time of recurrence, their performance status may have deteriorated further and thus contraindicate biopsy and cancer treatment, which may explain a poorer performance of the algorithm in patients initially treated with radiotherapy. Eleven of the 19 false negatives were patients initially treated with radiotherapy, corresponding to 49% of all patients undergoing radiotherapy with cancer recurrence according to the gold standard. In the cystectomy patients, only 8% of recurrences were missed by the algorithm. The median age by the time of cancer recurrence was 76.0 years in the false negatives, 7.3 years older than the median age in the true positives. This infers a risk of biased results in studies using the algorithm to define the study population.
To enable us to identify patients in remission after initial therapy, no indications of ongoing BC disease were allowed for a period of 90 and 180 days in patients treated with primary cystectomy and radiotherapy treatment, respectively. These cutoffs may cause an early recurrence of cancer to be misclassified as ongoing disease, which leads to the exclusion of the patients. Furthermore, a patient who did not receive successful cancer treatment for primary BC and had, eg, malignant pathology test results after a period of 90/180 days with no indication of ongoing disease would be misclassified as a patient with recurrence by the algorithm, but this scenario is considered to be rare. Finally, a new primary cancer may be misclassified as BC recurrence as certain distinctions between cancer recurrence and new primary cancer may require analysis of tumor molecular features.
Most of the six FP patients had a metastasis diagnosis as the indicator of recurrence. When omitting metastasis diagnoses from the algorithm, the SEN declined and the PPV increased (results not reported due to data protection regulations). Overall, one could question if the six FP cases of recurrence identified by the algorithm were BC recurrences, secondary primary diseases, or true FPs. None of the FPs had registrations of a second primary cancer in the CAR or the DNPR before or within 30 days of the recurrence indicator. However, most FPs had two or more indicators of recurrence, including metastasis diagnosis codes, multiple radiotherapy registrations, malignant biopsy test results, and (besides the indicators of recurrence) frequent BC diagnosis codes in the DNPR and concurrent registration of palliative care with BC as co-diagnosis, which indicates that these patients may have recurrence missed by the gold standard.
We included patients undergoing cystectomy or radiotherapy in the study to ensure a population of patients undergoing intended curative cancer treatment for primary BC. Some patients are curatively treated by one or several consecutive transurethral resections of the bladder (TUR-B) . The registration of the TUR-B procedure does not provide information about when a patient is considered to be curatively treated or whether a TUR-B is part of the initial therapy or of recurrence therapy. The algorithm did not perform well in these patients, and we chose not to include patients initially treated by a TUR-B in the study although this implies that this specific group of patients will be excluded from future studies based on populations generated by the algorithm.
Comparison with other studies
Direct comparison with other studies of BC recurrence detected through health registers is not possible as we have not been able to identify such studies. Yet, studies report on register-based identification of patients with recurrence after other types of cancer. In a recent Danish study, Lash et al 18 identified colorectal cancer recurrence in patients undergoing surgery for primary cancer. Their algorithm was based on the same health registers as the present study and reached an SEN of 95% (95% CI: 87-99), an SPE of 97% (95% CI: 94-98), and a PPV of 86% (95% CI: 75-93). This performance was similar to the performance of the algorithm in the present study for patients undergoing surgery, although our PPV was higher. In the previous study, 18 the gold standard comprised data from a cohort study based on a single-center hospital and a randomized controlled trial with age-and comorbidityrelated exclusion criteria. 31, 32 This infers a risk of a uniform population of younger and healthier patients with more complete registrations, and the results may not be comparable to those in a population-based cohort. In the present study, the gold standard was adopted from a population-based database with no restrictions for age or comorbidity. 4 Despite different gold standard populations in the two Danish studies, the two algorithms yielded comparable performance. Hence, the bias 
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A register-based algorithm to identify recurrence of bladder cancer that could be introduced by a selected gold standard population may not be of great concern when the algorithm is based on complete and valid registers and a population with free and equal access to health care services.
In studies from USA, 10-17 routine registration and platforms may well be different from a Danish setting, which complicates direct comparison. Hassett et al 14 reported that the recurrence date produced by their algorithm was within 30 days of the gold standard date in 20-36% of the cases and within 6 months in 80% of the cases of breast and colorectal cancer recurrence. We managed to identify the recurrence date more accurately; 64% of cases were within 30 days of the gold standard recurrence date, and 84% were within 60 days. Including pathology as an indicator of recurrence may explain why our algorithm was more accurate in estimating the recurrence date; the date of pathology test results estimated the recurrence date most accurately. Despite a more precise estimation of the recurrence date in the present study, future research based on a study population identified by the algorithm should consider potential bias caused by the estimation of the recurrence date.
Previous studies identifying patients with cancer recurrence from register-based algorithms have included only patients known from clinical trial information to have completed definitive locoregional therapy for the incident cancer disease. 11, 14, 16 The algorithm is not applicable to the background population if such information is not available in routine data. Other studies have included patients treated with surgery. 10, 15, 18 Compared to a course of radiotherapy treatment, a single surgical procedure may be easier to identify in the registers and to distinguish from a palliative treatment regimen. Hence, the inferior performance of the algorithm in patients treated with radiotherapy may reflect difficulties with identifying a population of curatively treated patients and the date of completed therapy.
Implications
There is an increasing need for research in populations with cancer recurrence. [7] [8] [9] Worldwide, researchers are faced with challenges in identifying patients with cancer recurrence for population-based research. The algorithm developed in this study is a valuable instrument that is directly reusable in future research and will enable nationwide epidemiological register-based research on BC recurrence in Denmark. The major advantage of linking data in Danish health registers at the personal level is that it enables enrichment of populations sampled by cancer registry data with registrations from hospital admissions, and this provides great prospects for future epidemiological research in BC recurrence. Furthermore, the algorithm allows identification of patients who have recently been diagnosed with BC recurrence, which holds new opportunities for gaining knowledge on patient experiences throughout the entire trajectory from primary BC disease to BC recurrence.
Conclusion
We developed an algorithm to identify BC recurrence through routinely collected data in Danish health registers. The algorithm showed excellent performance, including high SEN and SPE, especially in patients treated with cystectomy for primary BC. Moreover, the algorithm accurately estimated the recurrence date. The algorithm has the potential to serve as a high resource for future research in the field of BC recurrence. 
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